NACA RM E51G02 


RM E51C02 


NACA 

RESEARCH MEMORANDUM 




EXPERIMENTAL INVESTIGATION OF FORCED-CONVECTION 
HEAT-TRANSFER CHARACTERISTICS OF 
LEAD-BISMUTH EUTECTIC 


By Bernard Lubarsky 

Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 


NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

September 20, 1951 


1 


MCA RM E51G02 


MTIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

EXPERIMENTAL INVESTIGATION OF FORCED-CONVECTION HEAT-TRANSFER 
CHARACTERISTICS OF LEAD-BISMUTH EUTECTIC 
By Bernard. Lubarsky 


SUMMARY 


The forced-convection heat-transfer characteristics of an eutectic 
mixture of lead and bismuth were experimentally investigated. Data were 
obtained for lead-bismuth flowing in a circular tube with heat addition 
and for lead -bismuth flowing in an annulus with heat a retraction from the 
inner surface. Data were also obtained with about 0.04 percent by 
weight of magnesium added to the lead-bismuth to promote wetting of the 
heat-transfer surfaces. The investigation covered an over-all range of 
Peclet numbers from 250 to 3800. 

The results of the investigation showed that experimental values of 
Nusselt number for lead-bismuth fall considerably below values predicted 
by equations generally used for liquid-metal heat transfer. The addition 
of magnesium to the pure eutectic, to cause wetting of the heat transfer 
surfaces, did not change the heat-transfer characteristics of the lead- 
bismuth. 


INTRODUCTION 

In view of the potential usefulness of liquid metals in power and 
propulsion applications where high temperature heat transfer media are 
required, and because relatively little is known about liquid-metal heat 
transfer, a research program has been instituted at the MCA Lewis labora- 
tory to obtain fundamental information on heat transfer between liquid 
metals and surfaces. 

This report presents the results of an experimental investigation 
of the heat-transfer characteristics of lead -bismuth eutectic. Data 
were obtained for heat addition to lead-bismuth flowing in a circular 
tube and for lead-bismuth flowing in an annulus with heat extraction 
from the inner surface. The effect on the heat-transfer characteristics 
of adding a wetting agent (magnesium) to the lead-bismuth was 
investigated. 
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The investigation covered an over-all range of Peclet numbers from 
250 to about 3800. 


APPARATUS 

A photograph of the test setup is shown in figure 1; a schematic 
diagram of the flow path of the liquid metal is shown in figure 2. 

From figure 2, it can be seen that the liquid metal flows into the 
circulating pump from the storage tank. The liquid metal is pumped 
through the test and heating sections (shown in more detail in fig. 3), 
then flows through a cooler and a back-pressure regulating valve into a 
flow -measuring tank. From the flow -measuring tank, the metal is returned 
to the storage tank. The components of the setup are described in more 
detail in the following paragraphs: 

Storage tank . - The storage tank serves as a reservoir for* the 
liquid metal when the system is not in operation and maintains a 
relatively constant head of metal at the pump inlet when the system is 
in operation. The tank is made of 347 stainless steel and has an inner 
diameter of 24 inches and a depth of about 13 inches. An air-actuated 
valve was located at the tank exit to control the filling and emptying 
of the tank. During operation, the space above the liquid metal was 
filled with argon. 

Circulating pump . - The circulating pump is a Moyno Frame 4C-4, 

Type SSG, progressing- cavity pump driven by a 5 horsepower electric 
motor through a v-belt type of variable- speed transmission. The pump 
rotor and stator were of 316 and 416 stainless steel, respectively. 
Graphite and asbestos packing was used for the sealing gland. The 
liquid-metal flow rate was controlled by varying the pump speed. 

Test and heating section . - The test and heating section (see 
fig. 3) consists essentially of one stainless-steel tube suspended within 
another. The section is mounted vertically and liquid metal from the 
pump flows upward in the inner tube and downward in the annular passage 
between the inner and outer tubes. The upper portion of the section is 
heated by passing an electric current through it. Therefore, in the 
lower portion, which is the test section proper, the liquid metal is at 
a higher temperature in the annulus than in the center tube; and heat 
is transferred from the liquid metal in the annulus to that in the center 
tube. This arrangement prevents heat from being generated in the liquid 
metal, which is an electric conductor, in the test section proper. Also, 
inasmuch as the rest of the circulating system is at the same electric 
potential as the lower electric contact, no current flows through this 
part of the system. 

The test and heating section was made of 347 stainless steel. The 
inner tube had an outside diameter of 0.5 inch and a wall thickness of 
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0.049 inch. The outer tube had an outside diameter of 0.75 inch and a 
wall thickness of 0.0625 inch. The lower or test section was 40.2 inches 
long, and the upper or heating section was about 48 inches long. Mixing 
chambers were provided at each end of the test section for both the 
inner and outer passages. These chambers contained baffles for mixing 
the liquid metal prior to measuring the mean temperature. The liquid 
metal temperatures were measured by means of chromel-alumel thermocouples 
located downstream of the baffles in the mixing chambers. 

C ooler . - The lead-bismuth leaving the test section was cooled to 
below the maximum permissible pump temperature in a cooler. This was 
simply a length of stainless steel tubing surrounded by an annular 
passage through which water was passed. 

Back-pressure regulating valve . - An air controlled, 1-inch valve 
made of 347 stainless steel was used as a back-pressure regulating valve 
to keep the annular passage in the test and heating section full of 
liquid metal. This was necessary to prevent burnout of the heating 
section and to make certain that the test data were taken with th 9 
annulus of the test section full of liquid metal. An electric contact 
located at the top of the heating section was connected with an indicator 
light to show when the annulus was full. 

Flow- measuring tank . - The flow-measuring tank was made of 
347 stainless steel. It had an inside diameter of 10 inches and a 
height of 17 inches. An air-actuated valve located in the bottom of 
the tank controlled the filling and emptying of the tank. Electric 
contacts, located at different depths in the tank, were connected to a 
clock circuit. Operation of the tank was as follows: When a flow 

measurement was to be made the valve was closed and the tank started 
to fill with liquid metal. When the liquid metal touched the first 
contact the clock started. When the tank filled enough for the metal 
to touch the second contact, the clock stopped and the valve opened. 

From the tank volume between contacts and the time required to fill 
this volume, the volume rate of flow was obtained. Thermocouples were 
located in the tank to measure the temperature and, hence, the density 
of the liquid metal. The weight flow was obtained from the density and 
volume-flow rate. 

Contacts were provided for two volumes to more easily accommodate 
high- and low-flow rates. During operation, the space in the tank above 
the surface of the liquid metal was filled with argon. 

Electric equipment . - Power was supplied to the heating section from 
a 208 volt, 60 cycle supply line through a saturable-core reactor, and 
a step-down power transformer . The capacity of the heating equipment 
was 100 KVA with 25 volts at the transformer's secondary terminals. The 
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saturable- cor© reactor permitted voltage regulation from the maximum of 
25 volts down to about 1 volt. The low-voltage leads of the transformer 
were connected through copper bus bars and flexible leads to the heating 
section. About 70 KVA of additional electric power was available for 
the starting heaters. These heaters were of nichrome wire insulated by 
ceramic beads. They were wrapped around each component of the setup 
and connecting piping for the purpose of heating the entire system above 
the melting point of the liquid metal. 

Chromel-alumel thermocouples were peened into the walls of the 
various pieces of apparatus to measure the temperatures of the components. 

Miscellaneous . - The various components of the setup were connected 
by either welded or flanged Joints. All welds were made with 347 stain- 
less steel welding rod. All flanges were of 347 stainless steel with 
Anchor Packing Company, Arikorite 484-A gaskets. 

The entire apparatus was thermally insulated by a covering of 
85 percent magnesia and insulating cement. 

Provision was made for purging the entire system with argon. 


PROCEDURE 

The test procedure was as follows: The entire system was purged 

with argon for one hour. Starting heaters were then turned on and the 
apparatus was heated until all temperatures were above the melting 
point of the liquid metal. The pump was then started and the storage 
tank valve opened, beginning operation. The main power supply to the 
heating section was then turned on and set at the desired level; the 
starting heaters were turned off. Fluid velocity was set at the desired 
level by adjusting the pump speed. After equilibrium conditions had 
been obtained, all the fluid temperature readings were recorded and 
the flow rate was measured. This procedure was repeated for a range 
of flow rates. 


SYMBOLS 

The following symbols are used in this report: 
a a constant 

b a constant 

B a function defined by equation (18a) of the appendix 
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c specific heat of liquid metal in test-section inner passage , 

P Btu/lb, °F' 

c* specific heat of liquid metal in test-section annulus, 

Btu/lb, °F 

D inside diameter of test-section inner passage, 0.0335 ft 

D p outside diameter of test-section inner passage (inside diameter 
of test section annulus), 0.0417 ft 

T >2 outside diameter of test-section annulus, 0.0521 ft 

h film heat-transfer coefficient inside of test-section inner 

passage , Btu/ sec , sq f t , °F 

h' film heat-transfer coefficient outside of test-section inner 
passage, Btu/sec, sq ft, °F 

k thermal conductivity of liquid metal in test-section inner 

passage, Btu/sec, sq ft, °F/ft 

k' thermal conductivity of liquid metal in test- section annulus, 
Btu/sec, sq ft, °F/ft 

k thermal conductivity of inner tube material (347 stainless steel), 

Btu/sec, sq ft, °F/ft 

L length of test section, 3.35 ft 

Nu Nusselt number of liquid metal in test-section inner passage, 

KD/k 

Wu' Wusselt number of liquid metal in test- section annulus, 
h»(D 2 -D 1 )/k* 

Pe Peclet number of liquid metal in test-section inner passage, 
pVD c p /k 

Pe 1 Peclet number of liquid metal in test-section annulus, 

p«V’ (Dg-D^ c p «A' 

Q total heat transferred, Btu/sec 

S heat-transfer surface area of test- section inner passage, sq ft 

S 1 heat-transfer surface area of test- section annulus, sq ft 
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Ta 


V 


V 


V 

V' 

w 

X 

AT 

AT f 


AT f • 


AT, 

P 

P' 


m 


temperature of liquid metal entering test-section inner passage, 

°F 

temperature of liquid metal entering test-section annulus, °F 

temperature of liquid metal leaving test-section inner passage, 
of 

temperature of liquid metal leaving test-section annulus, °F 
velocity of liquid metal in test-section inner passage, ft/sec 
velocity of liquid metal in -cest-section annulus, ft/sec 
weight flow of liquid metal, lb/sec 
a constant 

average temperature difference between liquid metal in annulus 
and that in inner passage, ^T.^' + T 0 ')-(T q + T i /2 , °F 

average temperature difference across liquid-metal film on inside 
of inner passage, OF 

average temperature difference across liquid-metal film on outside 
of test-section inner tube, °F 

temperature difference across the material of the test-section 
inner tube, °F 

density of liquid metal in test-section inner passage, lb/cu ft 
density of liquid metal in test-section annulus, lb/cu ft 


ANALYSIS OF DATA 

The heat-transfer coefficients for heat addition to lead-bismuth 
flowing in the test-section center passage and for lead -bismuth flowing 
in the test-section annulus with heat extraction from the inner surface 
are defined as fellows: 


h = 


Q 


SAT. 


( 1 ) 


h* = 


Q 


S’AT f * 


( 2 ) 
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The values of Q, S and S' are known since 

Q = Wc p (T^Tp) 

S = «DL 
S' = JtDpL 


(3) 

(4) 

(5) 


The specific heat c p and all other physical properties of the 

liquid metal used in this section are evaluated at the arithmetic average 
of t} o Inlet and outlet temperatures of the pertinent test-section 
passage (center passage or annulus). The physical properties of the 
eutectic mixture of lead and bismuth are obtained from reference 1 and 
are shown as functions cf temperature in figure 4. In some cases 
extrapolation of the data was necessary, and for these conditions the 
curves are shewn dotted. 


To complete the determination of h and h * by means of equa- 
tions (1) and (2), there remains the problem cf determining AT^, 

and ATf*. The overall-average temperature difference between the lead- 
bismuth in the annulus and in the center passage is 

KTp T +T 0 ’ )-(T 0 +T^)l 

at = j- (6) 

2 

The overall-average temperature difference may be divided into 
three parts 


AT = AT f + AT m + AT f • 


The temperature drop through the wall of the inner tube is 


= 


/ D l\ 
Q lcgel-jH 

2 * 1 ^ 


(?) 

( 8 ) 


where is evaluated at the average of the liquid-metal temperatures 

in the center passage and annulus . The variation cf k m with temperature 
is shown in figure 4. 


Combining equations (6), (7) and (8) gives 


AT f + AT f « = 


Ti'+T 0 ' Tp+T c 


Q lc '6e\ 
2nk fl ^L 


( 9 ) 
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In order to determine AT ^ and AT^,*, another relationship 
between AT f and AT f ' must be found. The ratio ATf /ATf ‘ can be 
determined as follows: From equations (l), (2), (4) and (5) 


but by definition 


AT f D-jh' 
AT f * = Dh~ 

Nu = 

k 


( 10 ) 


( 11 ) 


and 


Nu' 


h»(D 2 -Di) 

k ' 


( 12 ) 


Equation (10) may therefore be rewritten, using equations (11) 
and (12) 


AT f _ fcf D 1 Nut 
AT f ' ~ k D 2 -I>i Nu 


( 13 ) 


Here, in order to analyze the experimental data, an assumption 
must be made as to the value of the ratio Nu’/Nu. The following 
relations for Nu and Nu’ are suggested in reference 1 and are 
currently, commonly used for engineering calculations. 

Nu = 7 + 0.025 (Pe) 0 * 8 (14) 

Nu’ = 5.8 + 0.020 (Pe')°* 8 (15) 


It will be assumed in this analysis that the absolute values of Nu 
and Nu* are not necessarily given by equations (14) and (15), but that 
the ratio Nu’/Nu, for the purpose of substitution in equation (13), can 
be obtained from equations (14) and (15). A discussion of the effect of 
this assumption is found in the appendix. 


Accordingly, the ratio, Nu’/Nu, was assumed to be 
Nu 1 = 5.8 + 0.020 (Pe 1 ) °» 8 

NU -7 . r\ AOC / 'Pc* \ 0.8 


7 + 0.025 (Pe) 


(16) 
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and equation (13) becomes 

AT f _ k^ D 1 5.8 + 0.020 (Fe*) 0,8 
&T f » k D 2 -Di 7 + o.025 (Pe) 0 * 9 


( 17 ) 


Tbe Peclet numbers are defined 


Pe 


pVDCp 
~ k 


(18) 


and 


Pe' 


p 'V * (P 2 -P 1 )Cp 1 

k' 


(19) 


where V and V' are readily determined 

V «_JW_ 
KD 2 p 


( 20 ) 


and 


V* = 4W (21) 

n(D 2 2 -D 1 2 )p’ 

The temperature differences AT f and AT f ' can he determined by 
simultaneous solution of equations (9) and (17). 

The heat transfer coefficients h and h' are determined from 
equations (1) and (2), and the Nusselt numbers Nu and Nu' from 
equations (11) and (12). 


RESULTS AND DISCUSSION 

The basic data obtained in this investigation are listed in 
table I. 

Heat transfer with no wetting agent . - Liquid-metal heat-transfer 
data are generally correlated by plotting Nusselt number against 
Peclet number. Figure 5 shows such a plot cf data obtained in the 
present investigation with the eutectic mixture of lead and bismuth 
(44.5 percent by weight cf lead). Figure 5(a) shows the first set 
cf runs (numbers 1 to 23), and figure 5(b) shows the second set of runs 
(numbers 24 to 50). The second set cf runs was taken at a later date 
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than the first set; the data of the second set are more consistent due 
to improved operating techniques. Wo wetting agent was used in 
obtaining the data of figure 5, and lack: of "tinning” of the surfaces 
in contact with the liquid metal indicated that no wetting was 
obtained. Data are shown for heat addition to the liquid metal in the 
center passage of the test section, and for heat extraction from the 
liquid metal in the annulus . Included in figure 5 are curves repre- 
senting equations (14) and (15) (reference 1). 

It is seen that the present data falls considerably below the 
values predicted by equations (14) and (15). The agreement between 
the present data and the reference curves becomes somewhat better as 
the Peclet number is increased. As the Peclet number approaches 
zero, the present data appear to approach a limiting value of 
Nusselt number which is in substantial agreement with the predicted 
values for laminar flow. These values are 3.65 for heat transfer at 
constant wall temperature and 4.36 for constant heat input per unit 
length of passage (references 2 and 3) . 

Heat transfer with wetting agent . - Figure 6 shows the data 
obtained with about 0.04 percent by weight of magnesium added to the 
lead -bismuth eutectic to promote wetting of the heat- transfer surfaces. 
Figure 6(a) is the first set of runs (numbers 51 to 75) with magnesium 
added, and figure 6(b) is the second set of runs (numbers 76 to 100) 
with magnesium added. The second set of runs was taken at a later 
date than the first set; both sets were taken at a later date than the 
runs with no magnesium, added. The consistency of the data improves 
with time due to Improvements in operating technique. Included in 
figure 6 a.re curves representing equations (14) and (15). 

"Tinning" of the surfaces in contact with the lead-bismuth indicated 
that, whereas the pure eutectic did not wet the stainless steel surfaces, 
the addition of about 0.04 percent magnesium caused wetting of the 
stainless steel surfaces. It is seen that the data in figure 6 again 
fall considerably below the values predicted by equations (14) and (15). 
The agreement between the present data and the reference curves becomes 
somewhat better as the Peclet number is increased. 

Figure 7 is a summary plot showing the data of figures 5 and 6. 
Within the accuracy of the experimental data, no noticeable effect of 
wetting was obtained. A similar result was presented in reference 4, 
where it was found that the heat transfer between surfaces and mercury 
was the same, regardless of whether the liquid metal wetted the walls 
or not. 
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SUMMARY OF RESULTS 

The results of this investigation of forced -convection heat transfer 
between stainless steel surfaces and the eutectic mixture of lead and 
bismuth, for Peclet numbers from 250 to 3800, can be summarized as 
follows: 

1. The present experimental values of Nusselt number fall con- 
siderably below values predicted by equations which are generally used 
for liquid-metal heat transfer. 

2. The addition of about 0.04 percent by weight of magnesium 

to the pure eutectic, to cause wetting of the heat-transfer surfaces, 
did not change the heat-transfer characteristics of the lead-bismuth. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APPENDIX - ASSUMPTIONS NECESSARY TO ANALYZE THE DATA 


Inasmuch as wall temperatures of the inner tube were not measured 
in the present investigation, only the overall heat-transfer coefficient 
could be obtained directly from the data. The separate surface 
coefficients for the inner tube and for the annulus cannot be obtained 
without introducing assumptions as to their functional relation with 
other measured parameters such as Reynolds or Peclet numbers. 

Assumption of equation (16) . - It was assumed previously that the 
relations given in reference 1 (equations (14) and (15)) could be used 
to find the ratio, Nu'/Nu, and that the value of Nu'/Nu thus found 
applied for the present data. This resulted in equation (16), which is 
here repeated. 

Nu' = 5.8 + 0.020 (Pe Q 0 * 8 , A1 % 

Ku ~ 7 + 0.025 (Pe) 0 * 8 


This may be rewritten, approximately, as 

1 + 0.0055 (Pe')°* 8 
1 + 0.0035 (Pe)°* 8 _ 

The experimental data were previously evaluated using equation (A2), 
and the results are shewn in figures 5, 6, and 7. Using the data of 
figure 6(b), which has the least scatter, it is found that the data can 
be represented by the following equations 


Nu* 

Nu 


= 0.83 


Nu* = 3.28 + 0.0115 (Pe') 0 * 8 (A3) 

Nu = 3.95 + 0.0138 (Pe) 0 * 8 (A4) 


The data of figure 6(b) and the lines representing equations (A3) 
and (A4) are plotted in figure 8(a). It is important to note here that 
equations (A3) and (A4) (and all similar equations mentioned later in 
the appendix) are not intended as proposed correlating equations for all 
liquid metals or even for lead-bismuth. These equations are presented to 
indicate that the data are consistent, that is, it is possible to find 
equations which will satisfactorily represent the data and also satisfy 
the requirements of the assumptions. The data presented in this report 
are insufficient by themselves to justify the proposal of a correlating 
equation because they are only concerned with one liquid metal and that 
over a limited range of Peclet number. 

Equations (A3) and (A4) have the form of equations (14) and (15) 
and satisfy the requirements of equation (A2). The constants and 
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coefficients are, however, not in agreement with those of equations (14) 
and (15). It would therefore he of interest to investigate the effect 
of changes in the constants and coefficients assumed in equations (Al) 
and ( A2 ) . 


Equation (Al) is approximately of the form 

Nu ' _ x a + b (Pe 1 )°° 8 
Nu _a + b (Pe) 0,8 


(A5) 


This may be more readily seen in equation (A2), which is exactly 
of this form with X = 0.83 and b/a = 0.0035. The effect of changes 
in the assumed value of X and the assumed values of a and b will 
be separately considered. 

Change in the assumed value of X . - To indicate the effect of a 
change in X in equation (5a), the data of figure 6(b) is re-evaluated 
and plotted in figure 8(b) assuming that X equals 1.0 instead 
of 0.83; that is. 


Nu* = 1 + 0.0035 (Pe 1 ) 0 - 8 
NU 1 + 0.0035 (Pe) 0 * 8 


(A6) 


The equations that best fit the data points of figure 8(b) are 


Nu = 3.80 + 0.0133 (Pe)0.8 (A7) 

Nu* = 3.80 + 0.0133 (Pe‘) 0,8 (A8) 

It can be seen from figure 8 that either set of equations (A3, 

A4) or (A7, A8) fit their respective set of data points about equally 
well. No conclusion can be drawn from the present data as to the true 
value of X. 

Change in the assumed values of a and b . - It is not necessary 

Nu * 

to assume the values of both a and b in order to evaluate — — from 

Nu 

equation (A5). The value of the ratio b/a is sufficient, and this has 
been previously assumed equal to 0.0C35. It is possible, by using a 
somewhat different method from that presented in the "Analysis of Data" 
section, to evaluate the heat-transfer coefficients assuming a value 
of a, rather than b/a. This is desirable since an estimate of a 
may be made directly from the previous data (a is the limit of the 
Nusselt number as the Peclet number approaches zero) . This method of 
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calculating the heat-transfer coefficients, which follows, is basically 
identical to the method presented in the ANALYSIS OF DATA section 
but the mathematic manipulations are different. 

It was assumed that the equations for the tube and the annulus had 
the same formas equations (14) and (15), respectively. That is, for 
the tube 


22 = a + b (Pe) 0,8 
k 


(A9) 


and for the annulus 

h'(Do-D, ) r -| 

— = Xja + b (Pe ' ) 8,8 J 

Combining equations (A9) and (A10) to eliminate b 


(A10) 


hD 


-a - 


h»(D 2 -D 1 ) 


k’X 


- a' 


GST 


(All) 


The heat transferred from the fluid in the annulus to the wall, 
the heat transferred through the wall, and the heat transferred to the 
fluid in the inner tube are equal. Thus 


Q = «DLhAT f = ShAT f 
Q = jtDiLh'ATf* = S’h’ATf’ 


Q = 


2rtL k^ AT. 


m 


(A12) 

(A13) 

(A14) 


log, 


e p 


Inasmuch as 

AT = AT f + AT f ' + AT ffl 

there results from equations (A12), (A13), (A14) and (A15) 

Ml 


(A15) 


A.+-J- + 


Sh S'h* 2rt k m L 


AT 

Q 


(A16) 


Letting 


AT 

Q. 


log e\ p, 
2rt kjQ L 


= B 


(A17) 
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and combining equations (All), (A16), and (A17) gives 



Clearing equation (A18) of fractions and arranging the terms in 
descending powers of h' gives 



Equation (A19) is a quadratic in h' which can be solved by the 
quadratic formula. Equation (A19) includes, in addition to quantities 
that are known from the geometry of the test setup or from the test 
data, the two constants a and X. The data of figure 6(b) was 
recalculated, using equations (A16) and (A19), for values of a = 3, 
3.5, and 4 and with X = 0.83. The three values of a were chosen 
. to bracket the probable values indicated by the data in figure 6(b). 

The results for a = 3, 3.5, and 4 are shown in figure 9. 
Included in the figure are equations consistent with the assumptions 
that best fit the data. These are 


for 9(a) 


for 9(b) 


Nu = 3.0 + 0.0185 (Pe) 0 * 8 

(A20) 

Ku» = 2.49 + 0.0154 (Pe ’)°* 8 

(A21) 

Nu = 3.5 + 0.016 (Pe)0.8 

(A22) 

Nu' = 2.91 + 0.0133 (Pe) 0 * 8 

(A23) 
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for 9(c) 


Nu = 4.0 + 0.014 (Pe) 0,8 
Nu' = 3.2 + 0.0116 (Pe')°* 8 


(A24) 

(A25) 


From figures 8(a) and (9), it can be seen that all four sets of equa- 
tions ((A3), . (A4); (A20), (A21); (A22), (A23)j and (A24), (A25)) fit 
their respective sets of data points about equally well. 

Comparison of the various equations . - For the purpose of com- 
parison, the various equations resulting from the different assumptions 
of the appendix ((A3), (A4); (A7), (A8); (A20) , (A21); (A22), (A23); 
and (A24), (A25)), and the relations given in reference 1 (equa- 
tions (14) and (15), ANALYSIS OF DATA) are plotted in figure 10. 

From figure 10, it can be seen that all the equations fall within a 
relatively narrow band except the relations given in reference 1 , 
which are appreciably higher than the others. 
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TABLE I - BASIC EXPERIMENTAL DATA 


Run 

number 


AT 


AT , 


m 


AT f 


AT f ' 

h 

h ' 

Nu 

Nu ' 

Pe 
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Figure 1. - Test Set-Up 
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Figure 2. - Test Set-Up 
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Figure 3. - Diagram of Test and Heating Sections 
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Figure 4. - Variation with temperature of some physical properties of lead- 
bismuth eutectic and 347 stainless steel. 
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Figure 5. - Variation of Nusselt number with Peclet number for lead- 
bismuth eutectic with no wetting agent added. 
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(b) Runs 24-50. 


Figure 5. - 
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Concluded. Variation of Nusselt number with 
lead-bismuth eutectic with no wetting agent 
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(a) Runs 51-75. 

Figure 6. - Variation of Nusselt number with Peclet number for lead-bismuth 
eutectic with about 0.04 percent magnesium added as wetting agent. 
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(b) Runs 76-100. 

Figure 6. - Concluded. Variation of Nusselt number with Peclet number for 
lead-bismuth eutectic with about 0.04 percent magnesium added as wetting 
agent . 
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Figure 7. - Variation of Nusselt number with Peclet number for lead-bismuth 
eutectic, both without wetting agent, and with 0.040-0.045 percent magnes- 
ium added as wetting agent. Summary of all data points in figures 5 and 6. 
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Figure 8. - Effect of change in assumed equation for Nu'/Nu. 
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(a) Assuming a = 3.0. 
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(b) Assuming a = 3.5. 
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Figure 9. - Re-evaluation of data points of figure 6(b), using the assumptions 
0 8 

Nu'-a' _ b 1 ( Pe 1 ) a_L _ bj_ _ 0 .83, and assuming various values for a. 
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